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,SE OF CHANNELS WITH POROUS WALLS FOR STUDYING FLOWS WHICH OCCUR DURING

COMBUSTION OF SOLID PROPELLANTS

.. _ Yzgokin, Academy of Sciences 255R, " cscc,.%

The laws of gas flows in a channel of burning charge of solid cro-

ellant is of great interest for internal ballistics. The rate of burn-

ing of fuel depends not only on its -hysical-chemical properties, but

also on the conditions of gas flow - laminar or turbulent, and also on

7he characteristics of turbulence near the fuel's surface. An increase

in The speed of the gas along the burning surface above some threshold

value leads to an increase in the speed of burning of fuel. This effect,

called erosion, is connected, in the majority of cases, with an increase

in the convective flow of heat to the fuels surface. We propose that in

charges of simple form, the presence of a threshold speed is explained

ty the rhenomenon of transition from a laminar mode of flow to turbulent.

Although, in view of experimental difficulties, this transition has not

been studied under burning-charge conditions, this proposition was re-
uted on the basis of he factha the Renlds numbreshold Reynolds num-

ter is t0-00 times greater than the Reynolds number for transition in

tubes. In the solution to this problem, much aid can be rendered by si-

mulating the flow and combustion which occur in the chaLge channel by

-s _ng the hannels with porous walls.

Experimental wor>:s devoted to the study of flows in channels with

4corous walls are very rare. In the works of J. Taylor [l] and V. Veydzh-

man and F. Gevar [2] they acquired support for the generality of dis-

tribution of speed in tubes with porous walls with one closed end ic
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connection with the theoretical solution of A. Berman [3] for a laminar

flow of viscous liquid. The theoretical distribution of the axial compo-

nent of steed has the f-rm:

C '-- = cos -. ,- -

where a - radius of the tube, v - speed on its axis (v-x with blowing

of gas through the wall with a constant speed v0 ). This relationship

is valid for high values of Reynolds blowing number Re 0=av 0/v and is

a good approximation with Re0 >!N.

Turbulent flows were studied by R. Olson and Ye. Ekkert -4. with the

feed of gas not only through the wall but also through one end of the

tube. It was established that this flow strongly differs from a flow

formed only by blowing threugh the wall.
2

the -resen: workc ,,re have ,cntinued the experm:ents ,i were

recalled earlier in articles 7 ,67. Their urrse was -o iezermneh

transItion from a laminar mode of flow to turbulent and the characteris-

tics of turbulence in porous tubes with the feed of gas through the wall.

Some tests were done also with suction and blowing through the leading

end of the tube which is closed by a porous head. We used tubes made

from various materials (graphite, metal, ceramics), with diameters from

30 to 90 mm and with a length of up to 1 m, with different thicknesses

of the walls and w th dimensions of the p:ores from 10 to 60 um. Measure-

ments were done with the aid of a thermoanemometer with a constant tem-

perature of the f"lament, which had a diameter of 12 pm and a length of

1.5 mm. The sound of the thermoanemometer was introduced into the flow

through the tube with an internal diameter of 2.6 mm, glued to the wall

of the porous tube (Figure 1). Tests were done with a pressure within

the tube from 0.2 to 1 atm.
In these experiments we acquired the following results:

1) With an increase in consumption of gas through the wall of the

tube, i.e. with an increase in the value of the Reynolds blowing number

Re,, greater than some value, with a fixed distance x the sound from the

closed end of the tube, there occurred in the flow fluctuations of steed

directly in its entire cross section. The maximum amrlitude of the fluc-

tuations was found at a distance of approximately 0.2 radius of the tube

from the wall. In tubes with sufficiently fine and uniformly distributed

pores, these fluctuations first had a periodic character (Figure 2).
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Figure 3. MIean-square values of fluctuations of sceed in transition zzne.

This circumstance positively showed the fact that the transition was con-

nected with the hydrodynamic stability of the flow. Figure 3 constructs

the decendence of the mean-square value of pulsations of the longitudinal

comronent of steed on the Reynold's blowing number. The graph notes the

zones of laminar flow (I), periodic fluctuations (i!I), intermittance of

the periodic and turbulent fluctuations (III) and turbulent pulsations

The distritution along the radius of the tube of the mean-scuare and

instantarneous values -f amplitude of teriodic fluctuations of speed are

3h'.7n in Fixates 4 and 4a. These fluctuaticns occur in some relative7y

yaer zhi~h, !.n connection with the theory of hydrodynami± sta-

b1lli.y, 2an be called critical. The frequency of the pre-transition
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periodic fluctuations changed with a change in the length of the tube

and pressure so that the Strukhal number Sh 0=af/v 0 remained constant

and equalled 11 with a change in the Reynold's blowing number from 100

300.

0.0201

0 .2 34 0.6 3.8 !'0

.-_?re 4. ean-souare 'ralues ol" cericdic steed f7uc.ua-rns -- he
critical "ayer.

2.104

0 20 40 60

7igure 5. Dependence of critical Reynold's number on tube's length.

2). We determined the critical value of the Reynold's number of the

axial flow Re=av/v, which corresponds to the beginning of the occurrence

of sceed fluctuations. Measurements which were conducted in different

tubes showed that this value depends on the dimensionless coordinate of

transition point x/a. The critical value of the Reynold's number of flow

grew together with a growth in the coordinate and reached a value of

20,300 with x/a=55 (Figure 5).

lf we accept, according to A. Berman's theory, a general di-strlu-

tion of speeds along the tube's radius, then from the equation of con-

sumption we can acquire a dependence of the Reynold's flow number on the

, 4
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coordinate x and the Reyn:ldl's t number:

Re -. -
a

with the condition that Re 0 >i0. Using :his dependence, we can acquire

a coordinate of the beginning of transition x cr/a as a function of only

the Reynold's blowing number (Figure 6). Let us note that this conclu-

sion also follows from the theory of dimensionality.
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Figure 6. Dependence of point of beginning of transition on zhe Reynold's

blowing number.

A strong influence of the Reynold's blowing number on the stability

of flow is determined, apparently, by the presence of the transverse

component of flow speed, which is not considered in the theory of sta-

bility of parallel flows. At small lengths we also see as possible the

influence of vortical zones near the channel's head. Recently, V. N.

Varapayev, upon our request, accomplished an estimate of the flow in the

first part of a planar channel with porous walls. With Re 0 >50 alongside

the head of the channel, there are actually formed two stationary vor-

zices (Figure 7). They influence flow on a length equal, approximately,

t. the width of "he channel (gure 8-. At a greater length, a general

-1stributIn speeds is established.
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The mean-square value of pulsations of the longitudinal component

of seed In the turbulent mode proved to be substantially lower than in

tubes with imermeable walls with the same values of Reynold's number

and relative length of the tube. For a comparison, Figure 9 also presents

,he results of measurements of J. Laufer [7]. We should Coint out the

part!zularly large difference of values of pulsation soeeds near the

axis and wall of the tube.

4) With the feed of gas through the front end of the tube which is

closed by a corous head, It was shown that the transition was accomolished

wih lower values of the Reynold's blowing number Re 0 (Fig. I). Converse-

ly, with suction through the head the Reynold's blowing number, which

corresconds to the beginning of the transition, increased 1.5 times in

the tube with a relative length of x/a=il.4. The basic reasonf for this

growth can be considered the removal of vortical zones in the tube's head.

3
the second part of the work, we studied the dtrb. ut.on of the_

front of a flame In a unform procane-air mixture fed within the tube

through the porous wall (Fig. 1). in the tests we determined the poslton

and form of the flame front with the aid of Ionizau ng and

tographlng through a quartz window which served as the channel head.
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4e found two wave modes of propogation of the flame: with tangential

waves in the form of longitudinal grooves (Figure Ila) and with longitu-

dinal waves in the form of rings (Figure llb). The tangential waves which
were zcs.rvd a; rea; distances from the flame front -o the wall wer

stationary, and for mixt ures with a richer compcsition - running along

-he cermeter of the flame. The longitudinal waves proved to be station-

ary, since an oscillogram of the ionization current i showed oeriodi3

fluctuations, and the angular -lines on the f'lame were immobic_- .  -0- 4 ures

-f thi form of fluctuations in Figure llb were obtained in a tube made

of graphite.. with a diameter of 90 mm with a low in content in fuel mixture.

The frecuency of fluctuations was f=60 Hz, and wavelenth - \=2 cm.

:n "his place, along the length of the tube where the longitudinal

fluctuat-ions are found, the heat transfer to the wall increased. The

transition to a turbulent mode, determined by the oscillogram one

:nization flow, occured with a Reynold's flow number of Re_= ,z. v, (k,

coefficient of <:nema't1 viscosity: of combustion products) is e3---

further he fron': n -he flame is tositioned from the tube's .al. n

thIs Sze, -he flow Is less statle than Isothermzc.

i..lar onenomena "f ' n b y .f flame, crobably , are zossile

-'"' 'mustr -o f I fe .s.. a" channels. Here, 'e s'ceet of

er-sicn combustion can beco=e anmaliy larger If the wIdo"- f the react _on

zone in the gas chase Is more than C.2 of the radiuls of the 2ha-ne.

.... . "...... .. '".-, . .... ...... . . .. . .. 'l ' < q ,V



With an aucroximation of flame to wall, it takes a cylindrical form

and remained laminar with the same or another g-reater value of Reynolds

flow nubrthan fo-r an :sothermicfl.

7nstabilioy of a cylindrical form of the flame front toward cenos

:locws from the 7andau-'Markohteyn theory. If in this theory w. e consi-der

to colfg inofluence of the -.:a!-' we can say that uton rearing -he w.rall

to- :aebecomes stable foDr al- ;,:a-;elengtrhs. An unstaible flame inth
form of stationary longit4-udi-na1 w,,aves w.-ifh a Zcericdijc mode over tfme j SIote=tlained by this theory. Inthis case, w.,e :ro-zose that the flam.e

Sesthe zore-transitio_'_n flu.ctuatlions wh['en it Is fudincrta

Th:zlii__-__'ing influence of flae on flow, w hen ~tis found near

- iso csi'cl due to the effect wbh was Studifed by 17-._-
- zt-l, - f -,-' stbiit oundar- -a-., o-n a: 2cooea sur- Zce

u fsc density are establ's'-e_ 7-e sf - aI oo..z~ue.., s a reslt of whih -te threshold He.T/nold-snueri

tfe 2r eae rth e"- r ica I Re Ynrol ds i s o e rm c --flo 0w n umb er .

conlusonlet us note that some researchers of erosi4on ccmbus -

ticul -,4 ooie threshold-speed values that w,,ere too low. From c t-
s f os cof the hd rcd -r n am i t ;heor y o f sta b i Ift, t hifs ijs e xt I n e d by

toeact to*.at: 1n o-eor exper iments , a flow o f ext- aneous gas was fed it

to -arge c hannel, w,,hich a-lso caused early transitio-*.n to turbulence.

_n t.hi-s case , the flowa was not Igeneral along the length of the charg= .

7-om toe- toeporetical wo,, rk of :szui, [III, we can ccncl-ude a Rgener.a 7 Is -
-.r-outoo* n cf steed and temoezature in the charge, th-e flow inwoc s

oresc on-ly as a result of its combustion.

7ror creating a theory of erosion combustion, we must further study

t.e on.-aracteristo-cs of tlurbule-nce of flows in channels with tocrous wAalls.
The use of' normal laws for incermeable tubes o.r a boundary layer cannot

e on sidered lustified.
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